Abstract-In the context of more electric aircrafts, the reliability of the low voltage insulation systems in rotating machines is an important issue. But, modeling and understanding their electrical ageing is a complex phenomenon especially when they are fed by PWM inverter. They involve a large amount of parameters related to both operating conditions and material design, which act together. Accelerated ageing tests are usually run in order to describe the electrical ageing process and to determine the lifetime of these materials. Nevertheless, full ageing tests with all the various parameters for different samples become rapidly time consuming. Moreover, there is not any complete model for insulation lifetime prediction under accelerated ageing tests. In this paper work, we propose a method based on the design of experiments (DoE) method, which is a useful statistical approach that would lead to a reliable and significant interpretation of the different ordering parameters of the insulation ageing process. Moreover, this method will help to reduce the number of required experimental or numerical trials and will, take into account the possible failure mechanisms and the various synergetic effects between them. Using the (DoE) method, a preliminary model of the insulation "lifetime" is presented with respect to the most important parameters at play and interactions between them.
INTRODUCTION
Over the last decades, several models have been proposed for the electrical insulation life-end modeling [1] [2] [3] [4] with respect to the physical, thermal and electro-mechanical aspects of the electrical ageing process. Despite these studies, this phenomenon remains complex and difficult to understand, forecast and at least model. Particularly, the rate of insulation degradation in rotating machines fed by inverters could be affected by many operating factors such as voltage, frequency, temperature, pressure… and these stresses could have many synergetic effects between them [4] .
Accelerated ageing tests are usually undertaken in order to predict the insulation lifetime. These tests are used to obtain the failure statistics and determine a functional relationship between an applied stress (electrical, thermal, mechanical…) and the characteristic insulation lifetime. However, the choice of the applied stress and the lifetime forms remains critical. In this article, the "Design of Experiments" (DoE) method is used in order to compare and to validate two theoretical lifetime models presenting the same parameters, but with different forms. The first model presents the insulation lifetime variation with respect to a linear form of different external applied stresses. The second model takes into account logarithmic and exponential forms of the different parameters. These forms are chosen with respect to previous theoretical studies and some experimental results. In this study, the DoE method is briefly presented followed by the way this statistical method is applied on accelerated ageing test results in order to obtain and compare two mathematical lifetime models. For each one, an additional experimental test allows validating the theoretical result.
II. THE DESIGN OF EXPERIMENTS (DOE) METHOD
The history of design of experiments started in the 1930s in England with M. Fisher [5] , but it knew an accelerating development since the publication of some predefined tables by Taguchi [6] . The principle of this methodology is to carry out a schedule of experiments designed to obtain the most accurate information for a specific problem with a minimum number of experiments [7, 8] . Its advantages were proved in different areas of application, especially in chemistry and mechanics, where a large number of parameters have to be optimized simultaneously. This method has been used in electronics, circuits and devices, components and packaging, for the design optimization in some industrial electronics applications [9] and for powerful non linear control of power converters [10] . Different designs exist in order to go with a large number of applications, but the "Full factorial design" is chosen in this study.
A. Full factorial designs
Full factorial designs involve designing a set of experiments, in which all relevant parameters, called factors, are varied systematically. Thus, two levels, a high and a low, are chosen for each factor. The desired criterion, called the response, is measured for each combination of the different factor levels.
The main purpose of these designs is to gain information on the effects of the selected parameters. The idea is to modify 978-1-4244-9303-6/11/$26.00 ©2011 IEEE the level of each factor in each experiment according to a specific procedure. This allows a drastic reduction of the number of required experiments, the possibility of taking into account much more parameters and the detection of interactions between factors. A very simple example with only two levels is presented in Table I . Centered reduced variables are used, i.e. (-1) for the low level and (+1) for the high level of each factor. Each line represents an experiment and each column is indexed to a factor. For each experiment (i), the selected criterion value (y i ) is measured. Criterion Yi
According to the design of experiments methodology [14] , the effect of a factor is obtained through (1) . For example, E 1 = 0.12 means that the factor 1 at high level has an effect of +0.12 on the criterion with respect to the average value of the criterion, named M. 
Moreover, one keypoint of the DoE method is that the effect of interactions between factors 1 and 2 can also be determined. Equation (2) presents the average effect of interaction E 12 between factor 1 and 2, on the desired criterion. 
Consequently, the mathematical model relating the response Y to the different factors has the form of (3) :
where Y is the response which represents the insulation lifetime in this case, M is the mean value for all ageing test responses, F i are the factor levels affecting the ageing process, I FiFj are the interactions between factors Fi and Fj, and E i are the effects of the factors or the effects of their interactions on the global response. It is also easy to verify that the effect vector (Ê) can be calculated trough the following matricidal relationship:
where Ê is the vector of the different factor effects on the criterion and their corresponding interactions, X is the matrix obtained from the experience plan as shown in the light grey part of Table I and Y i is the vector of the experimental result values presented in the last column of Table I .
B. Application of the DoE for lifetime modeling
In the domain of electrical insulation degradation, the DoE method has already been used for tracking the influent operating parameters on the insulation lifetime of kapton films [11] and for the degradation analysis in terms of a better understanding of a reliable water-treeing test [12] . In this paper, the DoE method is used to analyze the ageing process of organic rotating machines insulation. The input variables are, in this case, the parameters affecting the insulation degradation and the process output is the insulation lifetime.
These designs include all combinations of every factor level. The number of experimental runs depends on the number of levels of each factor [13] . These designs are usually noted X k , i.e. that the corresponding experiment table is composed of k factors, with X levels each.
As mentioned in the introduction, two mathematical models having the same parameters but with different forms, are defined by using this method. The first one presents a linear relationship between the response and the parameters. For the second model, the choice of the appropriate response and factor forms is explained in section IV-A-2.
III. ACCELERATED AGEING TESTS
Once the experimental design is chosen and the corresponding table is defined, accelerated ageing tests are performed in order to relate the applied external stresses (factors) to the insulation lifetime (response).
A. Materials
Rotating machines insulation is often made of polyesterimide (PEI) which is an organic material. Steel plates coated with PEI (thermal class: 180°C) with a coating thickness of about 90 µm, as shown in Fig. 1 , are subjected to an accelerated ageing test under different external stress conditions. Coated steel plates having an insulator thickness well controlled have been prefered to twisted pairs. Moreover, these kinds of samples have also been used to perform complementary measurements such as conduction current and dielectric strenght measurements which need to have a known insulator thickness as well. For each test condition, the sample lifetime (i.e. when insulation properties fail or exceed the design limits) was measured. When a sample is broken down, the over-current is immediately detected by the HV-switch and the sample is switched off while the other ones remain supplied. Eight samples were simultaneously tested under each experimental condition. All lifetime data in this paper are presented either in terms of average values or using a Weibull's statistical treatment [14] , which is commonly used for breakdown data treatment.
B. Applied stresses
Many different stresses can affect the insulation degradation phenomenon in rotating machines during normal service conditions, especially when fed by inverters. The failure process is driven by several stresses acting together such as electrical, thermal, mechanical and ambient (e.g. moisture, aggressive chemicals, dirt, radiation…). In rotating machines fed by inverters, over-voltages occur at the motor terminals and the voltage distribution in the winding is not homogeneous just after the voltage application. These over-voltages can lead to partial discharges occurring between phases, between turns or between turns and ground. In this study we consider the ageing of the insulation system due to a partial activity and not an intrinsic ageing. The experimental conditions of ageing have therefore been chosen in order to be sure that the insulation degradation is mainly due to the partial discharges. However, for the simplicity reasons, only three major parameters are studied for their corresponding ageing influence, which are:
The applied voltage (V) The frequency of the applied voltage (F) The temperature (T)
C. Experimental setup
The samples are tested in our experimental setup, shown in Fig. 2 . Under electrical stress, the steel plate behaves as one electrode whereas a spherical stainless steel electrode (diameter: 1 mm) has been used as a second. The only pressure applied by the spherical electrodes on the sample is due to their mass (0.8g). No additional springs have been used. At the same time, samples are placed in a climatic chamber where the applied temperature is fully controlled.
This study is a part of a research project whose aim is focused on the electric motors & electronics for aeronautical applications in more electrical aircrafts. Two levels, a minimum and a maximum value, were defined for each stress with respect to this specific application. The traditional methodology for an experimental design consists on 4 steps: first the study preparation including the choice of the response and factor form, which is the main scope of this paper and the determination of factor levels, then the choice of the experimental design in the second step, the experiment itself and finally, the result analysis.
A. Step 1: The study preparation 1) Choice of the response and factors form
This paper presents two different ways for the insulation lifetime modeling. The first and simplest method is based on a linear relationship between the factors and the logarithm of the lifetime log(L). This approach was previously used for lifetime modeling of kapton films in [11] , with a model described by (6) :
(V).(T) + E FT .(F).(T) + E VFT .(V).(F).(T) (6)
The second approach is based on previous knowledge from the domain. It will be shown that it leads to a more reliable model but requires specific factor levels. In this approach, the description of the insulation degradation in a partial discharge regime is taken into consideration. In this specific case, the effect of the electrical stress level on the insulation lifetime is most often represented by the inverse power model [15] , such as in (7):
where L is the insulation lifetime, E is the electrical field, c is a material constant and n is called the power law constant. Our experimental results have shown that the lifetime evolution of our samples (for a given temperature and frequency) obeys well this relationship [16] . An inverse power relationship has also been found (for a given temperature and voltage) when the lifetime has been estimated versus frequency.
Moreover, under electro-thermal stress, our experimental results [16] and the state of the art showed that the variation of the insulation lifetime with temperature, at a fixed voltage and frequency, may follow (8):
where L is the insulation lifetime, T is the applied temperature and a and b are material constants. Constant b is calculated from lifetime experimental results under electro-thermal stress. It is obtained by drawing the variation of the logarithm of the insulation lifetime with respect to the temperature (for a fixed V and F values). Its exact value is calculated from (8) on these experimental results as shown in [16] . This assumption will be used in our insulation lifetime model.
For the second model, we have chosen, according to (7) and (8), to study the variation of the logarithm of the lifetime with respect to a logarithm form of the electrical stress (i.e. the logarithm of the voltage and the frequency) and an exponential form of the temperature. Consequently, the corresponding model has the following form:
log(V).exp(-bT) + E FT .log(F).exp(-bT) + E VFT .log(V).log(F).exp(-bT)

2) Determination of factor levels
As already stated, three factors are chosen for this study: the applied voltage, the frequency and the temperature. The corresponding levels were chosen as follows:
The extreme values of the applied voltage (square wave bipolar with 50% duty cycle) are ±1 kV and ±3 kV for its lower and higher value respectively. The lower value corresponds to a possible overvoltage in normal service conditions. Indeed, by considering a 500 Vdc bus voltage and a complete impedance mismatch between the motor and its feeding cable, depending on the distance between the first turn of different phases and the last one, the voltage stress between them can rise up to 1 kV. The higher one is chosen to accelerate the ageing tests.
The frequency extreme values are 5 kHz and 15 kHz for the lower and higher ones respectively that could be considered as normal PWM frequencies in these applications.
The temperature extreme values are -55°C for the lower one (aeronautic service conditions) and 180 °C for the higher (= thermal class of the insulating material) and also chosen in a way to accelerate the ageing tests. 
B. Step 2 and 3: Choice of the experimental design and experimentation
As already mentioned a "Full factorial design" is used for the accelerated ageing results analysis. The number of experiments to be done is 2 3 (3 factors, 2 levels each). Table IV gives all the possible combinations between the different factor levels. Factors are (V), (F) and (T) for model 1 and log(V), log(F) and exp(-bT) for model 2. The corresponding experiment plan was carried out and the sample lifetime values are represented in Table IV (in the light grey columns). These columns present the Weibull treatment and the average values of eight samples simultaneously tested under each experimental condition. These values are very close and the Weibull statistical treatment results, which are commonly used for breakdown analysis, have been chosen for this study. It should be noticed that tests n°9 and 10 represent the experiments at the center of the study domain for models 1 and 2 respectively, as shown in Table II and Table III . These tests are run for the model validation, in order to compare the predicted lifetime and the experimental one at the center of the experimental domain.
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C. Step 4: Results Analysis
As mentioned before, the application of (4) to our experimental design matrix and lifetime responses allows calculating the effects of the different factors and interactions on the sample lifetime. These effects are calculated for models 1 and 2.
In order to verify the exactitude of the obtained mathematical models, an experimental test at the center of the level domain is undertaken. It is a point where factor and interaction levels are nil, which means the absence of any influence from factors and interactions with respect to the average value of the response (M). In this case, according to the theoretical models, as shown in (6) and (9), the response should be equal to the mean (M) of the ageing test values for each condition. In the following, the factors and interaction effect values, the mathematical form and verification will be presented for both models.
1) Factors and interaction effect values
The different effects are calculated by applying equation (4) on the experimental and the response matrices presented in Table IV . The different effect values are presented in Table V for both model 1 and 2. Results of Table V may be presented in a diagram form as in Fig. 3 . This diagram clearly shows the effect of each factor on the average value (M) and the following conclusions could be deduced:
The three factors (i.e. voltage, frequency and temperature) have a decreasing effect on the insulation lifetime.
The voltage and the temperature effects are more important than the frequency effect.
The most influent factors (i.e. voltage and temperature) have the highest interaction. Bars of the bar-graph for each model in Figure 3 , are shown in the order in Table V , ie for the first M, V for the second in model 1 and log(V) in model 2…
2) The mathematical models
In order to obtain a mathematical form for model 1, we should replace the different effect of (6) by their corresponding values in Table V 
In the same way, the mathematical form of model 2 could be obtained using results from equation (9) and Table V . This model presents the variation of the logarithm of the lifetime with respect to a logarithmic form of the electrical stress and an exponential form of the temperature, as shown in (11) . 
3) Models verification
An experimental test at the center of the level domain has been undertaken in order to verify the exactitude of each mathematical model. For model 1, the center of the domain corresponds to V = 2 kV, F = 10 kHz and T = 117.5 °C (cf. Table II) . Lifetime results show that Log(L) = 1.06. The theoretical value is 1.45, which means that the error level between experiments and the model is of 26.9 %.
For model 2, this test is run for V = 1.73 kV, F = 8.7 kHz, and T = 26.7 °C (cf. Table III) . Results show that Log(L)=1.43 at the center of the domain, which is very close to the theoretical value, i.e. 1.45 with only 1.4 % of error.
V. CONCLUSION
It has been shown, in a previous work of our research team, that the use of the DoE methodology is very useful for tracking the influent operating parameters on insulation reliability and for the lifetime modeling. In this study, two different lifetime models are defined and compared by using this method. Both models present a relationship between the insulation lifetime and the same external parameters, which are: voltage, frequency and temperature. The difference between these models comes from the form of these parameters.
The first model, which is the basic one, displays the lifetime variation with respect to a linear form of the different parameters. The second model takes into account a logarithm form of the electrical applied stress and an exponential form of the temperature. The definition of the parameter forms is based on previous knowledge in this domain and on experimental results.
Results of both models show that, in a partial discharge regime, the applied voltage and the temperature have a higher decreasing effect on the insulation lifetime than the frequency. Besides, these most influent factors have the highest interaction.
However, a significant disparity between the models arises from their correlation with experiments at the center of the study domain. Results show that model 1 presents a significant divergence, 26.9 % of error, between theory and experiments. Model 2 shows only 1.4 % of error between the theoretical and the experimental lifetime value at the center of the domain. Thus, the use of a linear form of the parameters to describe the variation of the insulation lifetime is not sufficient. A logarithm form of the electrical stress and an exponential form of the temperature should be integrated for a reliable description of the insulation lifetime. 
